Abstract-The interaction between a dipole antenna, representing a simplified model of a mobile terminal, and a homogeneous spherical model of the human head is examined. The Finite Difference Time Domain (FDTD) method is utilized, to calculate the either peak or average value of the Specific Absorption Rate (SAR), corresponding to different distances between antenna and phantom. The variation of the SAR with the distance between the mobile antenna and the human phantom has gained significant attention in the recent literature and is investigated here. An attempt to correlate the computed SAR values with the basic antenna characteristics, such as the standing wave ratio (SWR), reveals that a precise estimation of the level of the SAR can be achieved regarding data acquired from the mobile terminal.
INTRODUCTION
The recent widespread use of portable and mobile radio transmitters has excited the investigation of the impact of the mobile antenna on the human body, as well as the degradation of the antenna's performance due to the presence of such a biological scatterer. This investigation has been implemented through many ways, such as the computation or measurement of the level of the peak or average over 1 g or 10 g Specific Absorption Rate (SAR) induced in the human body [1] [2] [3] [4] [5] . Moreover, the variation of the antenna's input impedance, radiation efficiency and radiation patterns has also been extensively studied [6] [7] [8] [9] [10] [11] [12] [13] [14] involving various types of antennas, human phantoms and arithmetic techniques or experimental configurations. However, the complexity of the mobile antenna combined with the more complicated and unique structure of each human body, have prevented the extraction of a generic and safe conclusion involving this specific interaction.
The need to predict the SAR level induced in the human body with regard to the distance or to other antenna parameters has also been treated in the literature. An approximation formula presented in [15] , provides an estimation of the spatial peak SAR depending on the incident H-field or the current on the antenna and on the conductivity and permittivity of the human tissue. This formula was derived by numerical computations and experimental results with the use of a halfwavelength dipole antenna placed parallel to a plane phantom filled with tissue simulating liquid. The spatial peak SAR can be computed through the proposed formula with respect to different distances between antenna and phantom, with an uncertainty of 3 dB and can be generalized for spheres with large diameters and heterogeneous bodies. An analytical form of the rectangular components of the electromagnetic field induced in a two-layer plane phantom, as a function of the distance, is introduced in [16] . The source antenna is represented by a dipole close and parallel to one side of the head and the amplitude and distribution of the dipole's current is used to determine the amplitude of the induced field in the phantom. Additional results presented in [17] , approximate in a high degree the formula proposed in [15] and are in agreement with [16] , for a half-wavelength dipole antenna positioned near a uniform semi-infinite plane, a uniform sphere and a uniform or realistic head model. The dipole antenna is often used in simulation studies due to the smaller simulation space that it occupies and the fact that it can give a conservative estimation of the SAR induced by a monopole antenna [18] .
The variation of the SAR with the distance between the mobile antenna and the human phantom is as well investigated in some additional studies. A quarter-wavelength monopole positioned on a metal box representing a generic mobile terminal, interacting with a head model simulated as a set of Magnetic Resonance Imaging (MRI) slices, was modeled with the Finite Difference Time Domain (FDTD) method [18] . SAR values were computed for different separations between antenna and head as well as with and without the presence of the user's hand. The replacement of the monopole handset with a dipole antenna reveals that higher values of SAR are obtained. Similar results were derived with the same method in [19] . Moreover, in [20, 21] the use of different configurations of the human head coupled to a dipole antenna, pointed out that the average spatial peak SAR values are slightly dependent on the shape, size or whether the phantom is homogeneous or not. The homogeneous representation of the human phantom is proposed in these studies, as it reduces the number of tests (due to the symmetry of the antenna that is observed at the direction parallel to the surface), without simultaneously overestimating the average spatial peak SAR values. In [22] , experimental results were acquired from a structure containing a sphere of simulated brain tissue interacting with a half-wave dipole antenna. Useful conclusions were derived concerning the variation of the SAR or the dipole's input impedance with respect to the position of the antenna in relation to the phantom or the depth inside the simulated brain tissue. A FDTD simulation [23] of a dipole antenna closely coupled to a rectangular box, constructed by multiple dielectric layers representing the different tissue types of the human head, depicted the variation of the SAR and the induced current with the distance between dipole and head. Finally in [24] , a theoretical study (based on the method of moments) and an experimental verification is presented, regarding the variation of the SAR over the whole human body illuminated by a dipole antenna.
In this paper, the interaction of a dipole antenna with a homogeneous sphere filled with human tissue equivalent dielectric material is investigated. The use of the dipole antenna is strongly motivated by the fact that it provides an accurate representation of the field values induced in the human head by a mobile terminal, utilizing a simple structure and consequently avoiding any secondary effects. With the application of the FDTD method [25] [26] [27] [28] [29] [30] [31] [32] , the spatial peak SAR induced in the sphere is computed as well as the peak average SAR value over 1 g and 10 g of tissue. The input impedance is simultaneously calculated at different positions of the antenna with respect to the phantom. With the use of regression and correlation theory [33] , a least-squares fit is applied to the simulation results providing an accurate prediction of the level of the SAR (peak or average) based on the distance between dipole and sphere or the standing wave ratio (SWR) on the antenna feedpoint. The simulation occurred for two different frequencies at 905 MHz and 1790 MHz which are at the modern mobile terminals' frequency region.
PROBLEM FORMULATION
The structure under study is shown in Figure 1 .
It consists of a homogeneous sphere filled with a human tissue simulating material and of a thin wire dipole antenna placed at different distances d with respect to the phantom. The diameter of the sphere was chosen to be 20 cm which is typical for an average shape of the human head and the length of the dipole was chosen so as to achieve an adequate level of matching. Thus, at the frequency of 905 MHz 
where V 0 is the magnitude of the applied voltage and f s is the frequency of propagation. The dielectric material used to simulate the human head, was chosen so as its relative permittivity ε r and conductivity σ were in accordance with the EN 50383 standard [34] . In Table 1 , the values of ε r and σ for each examined frequency are shown. The density of the simulated tissue was set at ρ = 1000 kg/m 3 . The FDTD method was employed to compute the field values at each position of interest. The spatial segment used for the application of the method was chosen to be equal in the three dimensions and had a value of ∆x = 3 mm, so as to combine an acceptable level of convergence in the simulation results with a tolerable time of implementation regarding the available computer resources. According to FDTD principles or the Courant criterion [25] , the time step was chosen to be ∆t = 0.5 · 10 −11 sec. The simulation occurred for approximately 20 periods of the applied sinusoidal voltage after which a fine steady state situation was observed. The thin wire dipole antenna was implemented through the FDTD method by setting the parallel to the dipole axis electric field component (E z for this study) equal to zero across the dipole's length, except for the gap where the voltage described in Equation (1) was applied. The gap had a width of one spatial step (i.e., 3 mm). In order to achieve free space conditions, a generalized perfectly matched layer (GPML) described in [35] is applied, which extends the conventional PML [25] to absorb both propagating and evanescent waves. The width of the PML was 15 layers and it was found adequate for the examination of FDTD problems of this type concerning convergence issues.
SIMULATION RESULTS
At the beginning of the simulation procedure, the antenna characteristics in the free space environment (i.e., without the presence of the human head phantom) were determined. Thus, the antenna input impedance at the two examined frequencies was derived through the calculation of the current I s at the dipole's gap, which was performed with the following equation:
where H x , H y are the x, y components respectively of the magnetic field, i, j, k represent the indexes for each spatial segment at the x, y, z direction respectively, and n stands for the temporal step index. This equation is produced by the discretization of the Ampere's contour law around the gap [25] . The length of the dipole at the two frequencies was adjusted so as to achieve a satisfying level of matching. So, at the frequency of 905 MHz, a 15.3 cm dipole gave an input impedance of Z for each simulated frequency with respect to the distance between the dipole and the outer surface of the human head phantom are shown in Table 2 . 
The distance was assumed to be varied between 0.9 cm and 5.1 cm, which is the actual distance range between the mobile terminal and the human head due to the presence of the human ear and the different structural attributes of the modern mobile devices. In the same table, the magnitude of the corresponding correlation coefficient ρ for the different positions of the antenna with respect to the phantom and for the two frequencies of interest, is depicted. The correlation coefficient is calculated using the following equation:
As it is observed from Table 2 , a significant degradation in the dipole's input impedance with regard to the free space results is indeed perceived for each frequency and it is due to the presence of the dielectric sphere. Accordingly, the magnitude of the correlation coefficient is being decreased with the increment in the separation distance between the dipole and phantom in order to converge to the free space conditions where the coupling between the dipole and sphere is eliminated. This decrement appears to be more rapid at the frequency of 1790 MHz and this is absolutely prospective considering the smaller (in relation to 905 MHz) wavelength.
The value of the SAR at each position inside the phantom was determined according to Equation (4), by computing the magnitude |E t | of the total electric field via the FDTD method:
Then, the spatial peak SAR value was recorded as well as the peak average SAR value over 1 g or 10 g of tissue. The results of each SAR distribution with respect to the distance between dipole and sphere at each examined frequency are shown in Figures 2 and 3 . Each SAR value was normalized to the antenna radiated power at every examined position. In the same Figures, an approximation formula that best fits the variation of the SAR with distance d was also evaluated with the least-squares method used in regression theory [33] . The correlation coefficient r, used to determine the correlation between the regression curve and the sample points is expressed in Equation (5) [33] . where for a sample point (x i , y i ), y i,est is the estimated value from the regression curve of the y coordinate of x i ,ȳ corresponds to the mean value of the y i,est values and N is the number of samples.
The value of r appears to approach unity for every proposed regression curve, as it can be drawn out from Figures 2 and 3 , leading to the conclusion that the proposed exponential formulas best fit the numerical results and consequently, an accurate estimation of the peak SAR or peak average SAR can be determined. The exponential variation of the SAR with the distance, already derived in the literature [18, 22] , reinforces the stability of the developed FDTD code combined with the applied fitting procedure.
In Figures 4 and 5 , the results derived with the application of the approximation formula suggested in [15] , using the generalized multipole technique (GMT) are depicted, providing a verification of the calculated spatial peak SAR values. The slight differences that are observed are attributed to the smaller length (about 0.45λ) of the dipole antenna used in our study, compared to the half-wavelength dipole that is anticipated in [15] and are within the limit of 3 dB indicated in the late study. Moreover, the difference between the two antenna lengths provides an indication of independence, under limits of uncertainty, of the results regarding the dipole length. Following the same procedure, the SAR values (spatial peak or peak averaged over 1 g or 10 g) were correlated with the SWR on the antenna feed point, for each position of the antenna in relation to the phantom, by utilizing the results demonstrated in Table 2 . Figures 6 and 7 show the variation of the SAR with SWR and the corresponding regression curves for each examined frequency. Similar to the previous correlation outcome, the r values for every case under study are very close to 1, providing adequate approximation formulas for the prediction of the SAR level with regard to the fundamental antenna characteristics (i.e., input impedance). In order to examine the applicability of the proposed method for different configurations of the antenna-head model, two additional sphere structures consisting of the same tissue characteristics and diameters of 18 cm and 24 cm were tested. The fitting results of the correlation between the SAR and SWR at 905 MHz, are depicted in Figures 8 and 9 . An exponential curve is as well derived with the proposed formulas being similar (maximum difference calculated approximately 10%) to those given for the sphere of 20 cm. Thus, the suggested method of correlation seems to be independent of the sphere diameter providing a more generalized outcome. Figure 9 . Variation of normalized spatial peak SAR, peak average SAR over 1 g and peak average SAR over 10 g with respect to the SWR on the dipole's feed point at different positions of the antenna with respect to the phantom, at the frequency of 905 MHz, for a sphere with radius 24 cm and the corresponding regression curves.
Moreover, considering Figures 4 and 5 where a comparison of the results of the present code with the Kuster's and Balzano's formula is given, the proposed method can be generalized to heterogeneous bodies of arbitrary shape as is implied in [15] . Different antenna structures will be simulated in the future in order to verify the absolute stability of the proposed method regarding the different antenna-head model configurations.
CONCLUSION
From the above demonstrated results derived from the simulation procedure, some useful remarks can be drawn out. First, the spatial peak SAR or peak average SAR values induced in the human phantom by the thin wire dipole antenna, appear to be exponentially varied with respect to the distance between the antenna and the human head phantom. This conclusion is of great importance during the mobile terminal manufacturing, as it can provide useful information about the best position of locating the transceiver's antenna considering the stimulated health hazards. Furthermore, an exponential approximation formula was derived describing the alteration of the spatial peak SAR or peak average SAR values with the SWR at the antenna feedpoint, as the position of the dipole with respect to the human phantom is modified. Thus, the SAR level can be derived through a calculation or measurement of the antenna's input impedance. This can be practically evaluated by considering an integrated device in a mobile terminal, which by measuring the antenna's input impedance can give an accurate indication about the variation of the SAR (peak or average) induced in the human head as the transceiver is placed at different positions in relation to the head.
The findings of this paper apparently refer to the specific structure that was simulated. The need to generalize the results that were drawn out provides a strong motivation for this study to be continued. In order to ensure that the conclusions arising from such an investigation can be directly applied to modern mobile terminals, further simulations will have to be carried out, probably combined with conducted measurements, including different types of antennas and more accurate models of the human head or body. However, the results derived from the present study, supply important information (even at an elementary stage) which will enforce the simulation procedure during a higher level implementation.
